Abstract: A one-year study of the phytoplankton of remote mountain lake Ľadové pleso (2057 m. a.s.l.), situated in the High Tatra Mountains, was carried out in [2000][2001]. Seasonal development of the species structure and depth distribution of biomass, as well as chlorophyll-a concentrations, and chemical characteristics of the lake water were examined. The phytoplankton was made up of a low number of nanoplanktonic unicellular species, mainly flagellates from Cryptophyceae and Chrysophyceae. Plagioselmis lacustris, Cryptomonas cf. erosa and Ochromonas spp. were the most important with regards to both abundance and biomass. The phytoplankton showed a marked seasonal development. During most of the ice-covered period, abundances of phytoplankton remained very low. In regard to the vertical distribution, both species composition and total biomass were clearly stratified during most sampling dates. The amount of chlorophyll-a per unit biovolume varied considerably, and significantly higher values were found on sampling dates with complete or partial ice cover. Our data on pH and phytoplankton were compared with a previous study in 1990-1991 in order to evaluate possible changes associated with the decrease of acid deposition. The extent of episodic acidification of the lake water has diminished both in time and space, and lake water pH has slightly increased. We observed a shift in species composition, and an important increase of total phytoplankton abundance. This could be considered as a first sign of biological response to changing chemical conditions.
Introduction
Systematic limnological studies of glacial lakes in the High Tatra Mountains (Mts) started in the 1980s, and were primarily aimed at quantifying the effects of acid deposition on these remote ecosystems (Stuchlík et al., 1985) . According to their acidification status, the lakes were divided into three categories Kopáček & Stuchlík, 1994) . The first extensive study focusing on phytoplankton in lakes of the High Tatra Mts was done by Juriš & Kováčik (1987) . A decrease of phytoplankton species richness with increasing altitude and decreasing pH was observed by Lukavský (1994) . Due to their difficult accessibility, the research of these lakes was mostly limited to single observations. The only two studies focusing on seasonal development of phytoplankton are presented by Dargocká et al. (1997) , . Due to the significant decrease of acid atmospheric deposition, mountain lakes in many acid sensitive regions have recently exhibited pronounced changes in their chemical characteristics resulting in a partial reversal from anthropogenic acidification (Mosello et al., 2002; Vrba et al., 2003) . In the High Tatra Mts, lake water recovery from acidification started in the early 1990s, and over the last decade, the proportion of acidified lakes (ANC < 20 µeq L −1 ) decreased from 37% to 20% (Kopáček et al., 2006) .
Since the 1980s, Ľadové pleso was included in many regional surveys, which provided information on lake water chemistry and biology of a large set of lakes covering period from the peak of acid deposition to the beginning of lake recovery (Stuchlík et al., 1985; Kopáček & Stuchlík, 1994; Kopáček et al., 2004 Kopáček et al., , 2006 . Although Ľadové pleso was classified as a non-acidified one (pH > 6.2, ANC > 25 µeq L −1 , concentration of Ca 2+ > 100 µeq L −1 ), the lake water chemistry was also affected by acid deposition, which caused an important S92 L. Nedbalová et al.
decrease in its preacidification acid neutralising capacity (Stuchlík et al., 1985) . The first detailed seasonal study of Ľadové pleso was performed in 1990-1991. Upper layers of the water column were seriously influenced by episodic acidification that occurred during melting periods . Ten years later, this lake was chosen as the Tatra Mts key site of the research project EMERGE, which enabled a complex investigation of annual cycle of lake water chemistry and biota.
This study describes seasonal development and vertical distribution of chemical characteristics and phytoplankton of Ľadové pleso in 2000-2001. Our objective was to compare gathered data with the previous study of Dargocká et al. (1997) , in order to estimate possible impact of decreased atmospheric deposition on this lake.
Material and methods

Ľadové pleso (49
• 18 41 N, 20
• 16 29 E) is located in the Velká Studená dolina valley on the southern slope of the High Tatra Mts (Slovakia). The lake is 18 m deep, its area is 1.7 ha, and it has no surface inflow and outflow (seepage lake). The lake is oligotrophic, but the amount of plankton can reach quite high values in comparison with the other Tatra lakes probably due to its seepage character (FOTT et al., 1987) . The main morphometrical and chemical characteristics are summarised in KOPÁČEK et al. (2004) .
Sampling was carried out by a Van Dorn sampler from the sampling point above the deepest part of the lake, both under the ice cover and during the ice free period. Samples for chemical analyses were taken biweekly, vertical profiles of phytoplankton and chlorophyll-a concentrations were studied 9 times from September 2000 to October 2001. The sampling depths were 0-3-5-8-13 m and 0.5 m above bottom. During the winter cover period biological analyses of surface and bottom samples were also done on four other dates (15 March, 6 April, 11 May and 20 June) . Vertical stratification of temperature, pH, specific conductivity, and concentration of dissolved oxygen was measured biweekly during the whole study period using the Multiprobe H20 and data logger Surveyor 3 (Hydrolab, USA).
Laboratory analyses of pH and acid neutralising capacity (ANC) were performed on the automatic titrator TIM 900 (Radiometer, France) using the measuring electrode pHG201 (Radiometer, France) and the reference electrode (Russsel, UK). The measuring system was always calibrated by two buffers (pH 4 and 7), and the samples were equilibrated to laboratory conditions prior analysis. ANC was determined by Gran titration (MACKERETH et al., 1978) . The phytoplankton samples were fixed immediately by acid Lugol's solution. The counting was done after presedimentation (5×) in Utermöhl's sedimentation chambers on an inverted microscope (Nikon Diaphot), and cell volumes were estimated by shape assimilation to known geometric forms (STRAŠKRABOVÁ et al., 1999) . Chlorophylla concentrations were determined fluorometrically (TD-700 laboratory fluorometer, Turner Designs, USA). 50 mL of sample was gently filtered through glass fibre filters (Whatman GF/F, UK), the filters were stored in well closed glass tubes filled with 90% acetone and kept in freezer until analysis. Extraction was performed after addition of metanol in 65
• C according to PECHAR (1987) . The whole procedure is described in FOTT et al. (1999) .
Data on long-term trends of pH and ANC come from STUCHLÍK et al. (1985) , KOPÁČEK & STUCH-LÍK (1994) , STUCHLÍK & KOPÁČEK (unpubl. data), and KOPÁČEK et al. (2006) . Autumn values from the lake surface were used for evaluation of long-term trends.
Results
Physical and chemical characteristics
The ice cover lasted from the end of November to the middle of July, and reached its maximum thickness (2.5 m) in spring. The melting period started in May, in early July, about half of the lake surface was already free of ice. The summer stratification developed at the beginning of August and lasted approximately one month. The concentration of dissolved oxygen in upper layers of the water column dropped exceptionally below 10 mg L −1 . During winter stratification, the bottom layer was characterised by a gradual decrease in oxygen concentrations. This period of oxygen depletion was finished by the mixing of the whole water column, which started in early July. The conductivity was slightly higher then 15 µS cm −1 during most of the ice-cover period. The lowest values were observed in surface layers towards the end of the ice melt. pH was also strongly influenced by melting of the winter cover, which caused episodic acidification of upper layers of the water column. In June, surface values measured in laboratory dropped below 6. The lowest value (5.14) was recorded on 20 June. ANC showed a similar pattern, and reached its minimum value (−3 µeq L −1 ) on the same sampling date as pH. The temporal and spatial extent of episodic acidification is presented in Fig. 1 .
Phytoplankton species composition
The phytoplankton of Ľadové pleso was dominated by unicellular flagellates from Cryptophyceae and Chrysophyceae. The species contributing most to the total phytoplankton biomass were Plagioselmis (formely Rhodomonas) lacustris, Cryptomonas cf. erosa, and Ochromonas spp. A comparison of phytoplankton species list from the surveys of 1990-1991 and 2000-2001 is in Table 1 . We found a total of 16 planktonic species. Some littoral or benthic species, especially diatoms, were also occasionally found in samples (e.g., Cymbella minuta, Achnanthes lapidosa, Gomphonema montanum, Pinnularia borealis). Cysts of the snow alga Chlamydomonas cf. nivalis were present in the lake water during most of the study period and originated from blooms, which form regularly on the surface of Ľadové pleso winter cover. Their abundances in lake water samples were consequently highest at the end of the ice break. 
Seasonal development and vertical distribution of phytoplankton abundances and biomass
The range of phytoplankton biomass as biovolume in all samples was 0-855 mm 3 m −3 biovolume. Both abundances and biovolume showed a marked seasonal development with two peaks, one in autumn-early winter and a second just after the melting of the ice cover (July-August) (Fig. 2) . The maximum recorded abundance of phytoplankton was ∼7000 cells mL −1 in December 2000. Vertical profiles of phytoplankton abundances in 2000-2001 are compared to the 1990-1991 data set in Fig. 3 . Phytoplankton biomass remained very low during most of the ice-cover period and the lowest values were reached in May. Concerning vertical distribution, phytoplankton was clearly stratified during most sampling dates. Biomass peaks were found exclusively in the deeper layers, but their position changed with the season (Fig. 2) .
As regards to contribution of particular species to the total phytoplankton abundance and biomass, the most conspicuous deep water peaks were formed by Plagioselmis lacustris, and Ochromonas spp. The seasonal and depth distribution of important species (Plagioselmis lacustris, Cryptomonas cf. erosa, Ochromonas spp., and Mallomonas akrokomos) did not show a similar pattern indicating their different ecological requirements (Fig. 4) .
Chlorophyll-a concentration and specific chlorophyll content of phytoplankton cells The range of chlorophyll-a concentrations was 0-18.6 mg mm −3 . The general distribution pattern was similar to phytoplankton biomass (Fig. 5) , but a closer examination revealed an allometric relationship between these two variables ( Fig. 6 ):
The amount of chlorophyll-a per unit of biovolume (specific chlorophyll-a content of cells) was therefore very variable (5.6-40.6 µg mm −3 , mean: 18.7 µg mm −3 ). The lowest values were associated with a hypolimnetic peak of Plagioselmis lacustris on 30 September 2000. However, the peak of chlorophyll-a in December 2000, formed by the same species under thin layer of clear ice was not accompanied by a proportional increase of phytoplankton biovolume, which resulted in a fourfold increase in the specific chlorophyll content (Fig. 7) . On the same date in 5 m depth, we recorded maximum value for the whole data set. Minimal as well as maximal specific chlorophyll-a content were thus as- II.1990 , 14.II.2001 B -24.VI.1990 , 2.VII.2001 C -27.VII.1990 , 1.VIII.2001 D -28.IX.1990 , 28.IX.2001 E -13.XII.1990 , 7.XII.2000 sociated with the predominance of Plagioselmis lacustris. Significantly higher values (P < 0.001) were found on sampling dates with complete or partial ice cover. When taking into account whole-lake average (volume weighted means), the specific content of chlorophyll-a also showed a clear seasonal trend (Fig. 7) . With regards to vertical distribution, upper layers of the water column (0-3-5 m samples) were characterised by slightly higher specific content of chlorophyll-a (P < 0.05) in comparison with deep layers (8-13 m -bottom samples).
Long-term trends
Long-term trends in Ľadové pleso autumnal surface pH and ANC are shown in Fig. 8 . Both characteristics exhibited a significant increase, indicating a response of the lake water chemistry to decreased acid deposition in the High Tatra Mts.
Discussion
Species composition, seasonal development and vertical distribution of phytoplankton The phytoplankton of Ľadové pleso is composed of a low number of species with the predominance of nanoplank- tonic flagellates, as is characteristic for oligotropic high mountain lakes (Lukavský, 1994; Pugnetti & Bettinetti, 1999) . Cells of Plagioselmis (formely Rhodomonas) in Ľadové pleso were lacking sharp hyaline tails, so they could be unambiguously determined as Plagioselmis lacustris (Pascher et Ruttner) Javornický (Javornický, 2003) . The two freshwater species of the genus Plagioselmis are frequently reported in a wide range of different habitats, and can be classified as r-strategists with affinities for higher pH (Klaveness, 1988) . In Ľadové pleso phytoplankton, these flagellates are found together with another cryptophyte, Cryptomonas cf. erosa. This association is quite common in large clear water lakes, for example in Finland ( Lepistö & Holopainen, 2003) . The genus Ochromonas is known to be potentially mixotrophic, and this strategy is optimal in oligotrophic conditions (Isaksson, 1998) . Mixotrophic species therefore often prevail in mountain lakes (e.g., Pugnetti & Bettinetti, 1999) . Mallomonas akrokomos has been reported from both oligotrophic and eutrophic waters, predominantly in winter (Starmach, 1985) . This species was already observed in Ľadové pleso and other alpine lakes in the High Tatra Mts by Juriš & Kováčik (1987) and by Lukavský (1994) . Fragilaria tenera is a widely defined species with affinities to Fragilaria nanana and Fragilaria capucina (Krammer & Lange-Bertalot, 2004) . All these closely related species can be found in plankton of oligotrophic high latitude or mountain lakes all over the world including some lakes in the High Tatra Mts (e.g., Juriš & Kováčik, 1987; Hörnström, 2002) . The average level of phytoplankton biomass in Ľadové pleso did not exceed values established for oligotrophic conditions (Lampert & Sommer, 1997) . The biomass was close to zero during most of the period of thick winter cover. Even though we did not measure light intensity under the ice, studies of mountain lakes with similar thickness and structure of winter cover have shown, that no light can penetrate into the water column under such conditions (Felip et al., 1999) . A heavy snow accumulation on the ice cover, which is a regular phenomenon in the case of Ľadové pleso, has an especially drastic effect on light transmittance (Bolsenga et al., 1996) . The lack of light during the ice cover period is probably the main reason why the maximum of phytoplankton is associated with ice free period in the most intensively studied remote mountain lakes in Europe . A contrasting pattern with phytoplankton maximum under the ice cover of maximum thickness was observed in the high mountain lake Paione Superiore, suggesting their possible shift to heterotrophic metabolism (Pugnetti & Bettinetti, 1999) . In Ľadové pleso, such a shift did not occur, and bacteria, heterotrophic nanoflagellates Seasonal development of phytoplankton in high mountain lake S97 Fig. 8 . Long-term trend in pH and acid neutralising capacity (ANC, µeq L −1 ) of Ľadové pleso (autumnal surface samples). Solid line, linear regression; R 2 = 0.38, P < 0.01 for pH; R 2 = 0.68, P < 0.0001 for ANC. and ciliates formed the microbial assemblage during most of the winter cover period (Nedbalová et al., unpubl. data) .
The seasonal development of phytoplankton in Ľadové pleso was characterised by rapid and quite high biomass peaks occurring during short periods favourable for growth. The most important changes of environmental conditions are caused by the melting of the winter cover. Besides substantially improved light availability, nutrients and particulate organic matter accumulated in the snow and ice pack are relatively quickly released into the water column (Catalan, 1992 ). This phenomenon is extremely important in Ľadové pleso, as all material accumulated during the winter period in both catchment and on lake surface remain in the water column due to the seepage character of the lake. These changes resulted in a rapid restoration of phytoplankton in July. From our results, we could not infer any pattern of seasonality, but the fundamental influence of physical conditions is apparent. It is probable that the interannual variability of external forcing (especially the timing of the winter cover melting) have profound effects on seasonal development of phytoplankton in Ľadové pleso (Hinder et al., 1999) .
Concerning vertical distribution, high deep summer maxima, as well as one maximum of biomass under thin clear ice were found (Fig. 2) . Their occurrence is a pattern typical for many high mountain lakes (Catalan & Camarero, 1990; Catalan et al., 2002) . The position of the maxima in the water column changed, suggesting active vertical migration of flagellates, which enables them to find optimal depth for growth under changing light and nutrient conditions. The light availability seems to be the crucial factor driving distribution of phytoplankton in Ľadové pleso during both periods of stratification. However, the growth of phytoplankton in upper layers could also be influenced by episodic acidification.
The comparison of temporal and vertical distribution of particular species indicates differences in their ecological requirements (Fig. 4) . Due to the combined effect of its growth characteristics of a r-strategist, and its obvious ability to efficiently exploit very low light intensities, Plagioselmis lacustris formed the most conspicious peaks. This species is frequently recorded to increase when other populations are declining, as if a temporary niche were opening (Klaveness, 1988) . In Ľadové pleso, Plagioselmis lacustris was able to react very quickly to slightly increased light availability following partial ice break-up at the end of June. Its following decline could be explained by outcompetition by slowly growing large cells of Ochromonas spp. and Cryptomonas cf. erosa, which may be better competitors for nutrients in conditions of improved light availibility during the ice-free period. However, the population of the copepode Arctodiaptomus alpinus could also have effect on phytoplankon quality and quantity (filtration, nutrient recyclation).
Specific chlorophyll-a content
Studies on seasonal and vertical patterns of phytoplankton light adaptation were initiated by Tilzer & Schwarz (1976) . Their result showed that the highest chlorophyll-a to wet weight ratios (specific chlorophyll-a content) can be expected in plankton living under lowlight conditions, either below the ice cover, or in deep layers of the lake in the summer. A physiological adaptation of cells reflecting actual underwater light climate can be thus often the cause of changes in the amount of chlorophyll per unit biovolume. However, this variable can also be influenced by species composition of phy-
toplankton, because of its dependence on cell size, life form and taxonomic composition (Felip & Catalan, 2000) .
The range of the specific chlorophyll-a content of Ľadové pleso phytoplankton (6-41 µg mm −3 ) was shifted to slightly higher values in comparison with data reported in literature (Tilzer & Schwarz, 1976; Felip & Catalan, 2000) . Data from February to June 2001 were excluded from the analysis, because chlorophyll-a concentrations were close to or below the detection limit of the method used.
In the High Tatra Mts, the specific chlorophyll-a content was studied in detail in two lakes above timberline by Fott et al. (1999) , who found both higher values during the ice-covered periods, and immediate reaction of chlorophyll-a concentration to a fast change of the light conditions. In Ľadové pleso, the most striking change was the up to sevenfold increase of the specific chlorophyll-a content in the December 2000 samples in comparison with the September 2000 samples (Fig. 7) . Peaks of biomass were formed on both dates by Plagioselmis lacustris, indicating a physiological character of this change, and therefore a very high efficiency of light adaptation by varying the chlorophyll-a content of cells in this species. This is a further example that demonstrates the necessity of caution, when using the chlorophyll-a concentrations as a measure of phytoplankton biomass.
In contrast to significant dependence on the season (presence/absence of the ice cover), the specific chlorophyll-a content of Ľadové pleso phytoplankton did not show an increase with sampling depth on most sampling dates, as it is typically found in deep lakes and reservoirs during periods of thermal stratification (e.g., Tilzer & Schwarz, 1976) . The absence of this pattern could by explained by different species composition of phytoplankton on vertical profiles, and by considerably lower depth of Ľadové pleso. In lake Redó, differences in the taxonomic composition of phytoplankton, and therefore varying cell sizes and predominant life forms, explained most of the variability in the chlorophyllbiovolume relationship (Felip & Catalan, 2000) .
Comparison of 1990-1991 and 2000-2001 surveys and long-term trends
The detailed survey of Ľadové pleso in 1990-1991 Kneslová et al., 1997) offers a unique opportunity to compare the seasonal development of chemical and biological characteristics of lake water to the 2000-2001 data. This comparison focused on the episodic acidification enables an alternative approach to estimate possible effects of the decrease of acid deposition during the 1990s on this non-acidified lake, than is provided by regular autumnal surveys.
Snowmelt-induced episodic acidification associated with changes in water chemistry is commonly reported from mountain streams, and has frequently profound effects on their biota (e.g., Lepori et al., 2003) . Studies reporting this phenomenon from mountain lakes are scarcer (Stoddard, 1995) . Ľadové pleso belongs to the category of non-acidified lakes, and its partial and episodic acidification is the results of its seepage character, as the acid water from melting snow and ice cannot leave immediately the lake basin, and it is continuously neutralised during the mixing of the water column. The comparison of the 1990-1991 and 2000-2001 data shows that the extent of episodic acidification has diminished both in time and space, indicating a response to decreased acid deposition (Fig. 9 ). This trend is further confirmed by the long-term increases of autumnal surface pH and acid neutralising capacity (Fig. 8) , and the data are in good agreement with general recent trends of Tatra Mts lakes chemistry (Kopáček et al., 2006) .
Concerning the comparison of the phytoplankton species composition in 1990-1991 and 2000-2001, we observed some important changes (Tab. 1). The most remarquable is the shift towards frequent dominance of Plagioselmis lacustris, which is known to prefer higher pH levels (Almer et al., 1978) . On the other hand, Koliella longiseta, which formed surface phytoplankton peak during severe episodic acidification in spring 1990-1991 (Fig. 3) , has been found only in very low numbers in 2000-2001. This non-motile species is an important component of phytoplankton community from the near-by shallow strongly acidified Starolesnianske pleso . The disappearance of planktonic diatoms from acidified lakes is among the most striking changes of affected communities (Almer et al., 1978) . Regular occurrence of Fragilaria cf. tenera in Ľadové pleso in 2000-2001 can thus be viewed as another relevant change in its phytoplankton community. Although it did not reach abundances higher than 3 cells mL −1 in 2000-2001, finding of this pennate diatom characterised by affinities to higher pH (Hörnström, 2002) can also be considered as a sign of changing chemical characteristic of Ľadové pleso. An increased importance of diatoms within the planktonic community in response to increasing pH was recently observed in Lago Paione Superiore in the Italian Alps (Marchetto et al., 2004) .
The significant increase in phytoplankton abundances observed in 2000-2001 in comparison with the 1990-1991 data (Fig. 3) may be related to better bioavailability of phosphorus in current conditions of increasing pH (Kopáček et al., 2001) . In 1990-1991, pH of an important part of Ľadové pleso volume was lower than 6 during summer months, which is the value separating non-acidified and acidified lakes . In 2000-2001, pH of Ľadové pleso drop below 6 for a very short period and only the surface layer was affected (Fig. 9) . In the period of maximal acid deposition, acidified lakes in the High Tatra Mts were characterised by extremely low chlorophyll-a concentrations, whereas higher values were found both in non-acidified and strongly acidified lakes (Vyhnálek et al., 1994) . During last decade, chlorophyll-a concenSeasonal development of phytoplankton in high mountain lake S99 trations increased significantly in the whole lake district (Kopáček et al., 2006) .
The acidification-driven changes in the water quality of sensitive lakes were often accompanied by a drastic reduction of their biodiversity (Almer et al., 1978; Fott et al., 1994) . Recently, the first signs of biological response following chemical recovery of strongly acidified mountain lakes have been reported from many regions (Vrba et al., 2003; Marchetto et al., 2004) . Our results suggest that even lakes that were not so seriously affected by antropogenic acidification can undergo noticeable changes. However, the changes in phytoplankton species composition and abundances of Ľadové pleso must be interpreted with caution. Planktonic communities of high mountain or high latitude lakes are known to be controlled mostly by allogenic perturbations that are characterised by high interannual variation (Hinder et al., 1999) . Consequently, patterns of lake water recovery can also be influenced by climate change (Marchetto et al., 2004) . Further study of Ľadové pleso is therefore needed to confirm, whether observed change of its phytoplankton community can be unambiguously related to the decrease of acid deposition followed by the chemical recovery of lake water.
